Risk factors for atherosclerosis, including diabetes, have been identified for many years, and, especially for lipids, we now know a great deal about how these factors contribute to the early lesion. In contrast, the mechanism or mechanisms linking these factors to the final events in atherosclerosis, that is plaque rupture and thrombotic occlusion, have remained largely speculative. This speculation has been because of a lack the ability to visualize fragile, advanced lesions in humans and a lack of animal models. Recently, however, magnetic resonance imaging tools have begun to visualize the advanced lesion and animal models with features of plaque rupture have been characterized. Thus the opportunity exists to test hypotheses linking diabetes to events in the advanced plaques. This review summarizes our current knowledge of the processes that may be responsible for increased plaque rupture and occlusion associated with diabetes.
INTRODUCTION
People with diabetes have quantitatively more atherosclerosis, especially between 10-70 years of age than the general population (1) . This is most likely explained by factors in the diabetic environment that act as "enhancers" of the effects of other atherosclerosis risk factors, such as hyperlipidemia, hypertension or smoking. While the relative roles of hyperglycemia or insulin resistance remain unclear, the combined diabetic syndrome results in an acceleration of atherosclerotic lesion initiation, progression, or both.
The diabetic syndrome also appears to be associated with events in the advanced lesion leading to patient death. Based on morphological studies of advanced lesions, these events appear to require disruption of the surface of the lesion, either by loss of the endothelium overlying the lesion, called erosion, or by rupture of the lesion with exposure of the necrotic core (2) . In either case subsequent thrombus formation is the primary cause of sudden cardiac death. Both type 1 and type 2 diabetes are associated with increased cardiovascular mortality compared to the general population (3) .
Presumably the morphological basis for this increased mortality in people with diabetes is due to an increased frequency of the malignant lesions described in the general atherosclerotic population. Although there is surprisingly little morphological data specifically devoted to the atherosclerotic lesion in diabetes, an in vivo study, utilizing percutaneous coronary angioscopy in a small number of patients with unstable angina, shows that patients with type 2 diabetes have an increased frequency of ulcerated plaques (94% versus 60% of plaques in nondiabetic patients) and intracoronary thrombus formation (94% versus 55% in non-diabetic patients) (4) . Since coronary risk factors, such as cholesterol levels, hypertension and smoking were similar between the two groups, the morphological data support the hypothesis that plaque rupture and thrombus formation are, as expected, enhanced by diabetes.
Even if more extensive data support this expected relationship between morphology and diabetes, it is important to keep an open mind about how diabetes might accelerate risk. Clinical risk, after all, could be related to enhanced thrombogenicity or even an altered susceptibility to arrhythmia rather than to lesion morphology. On the other hand, the diabetic syndrome might primarily effect lesion initiation since one assumes that the more rapidly early lesions form, the more likely there would be progression to clinically significant events.
INCREASED CARDIOVASCULAR MORTALITY IN PATIENTS WITH DIABETES
Several major clinical studies have investigated the effects of improved blood glucose, lipid abnormalities and hypertension on cardiovascular events and mortality associated with type 1 and type 2 diabetes.
What is the role of hyperglycemia?
Improved blood glucose control has been shown by both the Diabetes Control and Complications Trial (DCCT, 5) and the United Kingdom Prospective Diabetes Study (UKPDS, 6) to have no significant effect on cardiovascular complications in people with type 1 diabetes (5) or type 2 diabetes (6) . Interestingly, microvascular complications were significantly reduced in both of these studies, showing a strong dependence of microvascular complications on blood glucose control (5) (6) . The number of cardiovascular events was small in the DCCT study (5) , and several additional interventional studies are currently investigating the effects of intensified blood glucose control on cardiovascular disease in diabetes (7).
The DCCT and UKPDS studies are in seeming conflict with epidemiological studies that show that the increased risk of death among men with diabetes can be largely explained by elevated glycated hemoglobin A1c (HbA1c) levels (a marker of blood glucose control). In one large study, an increase of 1% in HbA1c was associated with a 28% increase in risk of death independent of age, blood pressure, serum cholesterol, body mass index, and cigarette smoking habit (8) . One should bear in mind however, that the effects hyperglycemia are difficult to separate from other metabolic disturbances associated with diabetes, and that epidemiological studies cannot distinguish between a direct effect of hyperglycemia on cardiovascular mortality and effects of hyperglycemiaassociated factors. For example, total fat intake has been shown be associated with levels of HbA1c in people without diabetes (9) . Thus, at present it is unclear to what extent hyperglycemia directly contributes to cardiovascular mortality in diabetes.
What is the role of dyslipidemia?
Type 2 diabetes is associated with dyslipidemia, and dyslipidemia is considered the most significant cardiovascular risk factor in people with type 2 diabetes (10). The dyslipidemia is, in fact, often present before overt type 2 diabetes is evident, and is part of the metabolic syndrome, or syndrome X (11).
The three major components of dyslipidemia associated with the metabolic syndrome and type 2 diabetes are increased fasting and postprandial triglyceride-rich particles, including very lowdensity lipoprotein (VLDL), decreased high-density lipoprotein (HDL), and increased small, dense low-density lipoprotein (LDL) particles (10, 12) . Several interventional studies have shown that, when present, elevated lipid levels appear to contribute to a similar extent to cardiovascular disease in people with type 2 diabetes as in people without diabetes (13-16). These studies have also shown that control of dyslipidemia does not completely eliminate cardiovascular risk in patients with diabetes (17) . Thus, lipid abnormalities, when present, clearly contribute to cardiovascular events in people with type 2 diabetes, but do not fully explain the increased cardiovascular risk.
People with type 1 diabetes usually have less severe dyslipidemia compared to people with type 2 diabetes. However, poorly controlled type 1 diabetes is associated with elevated plasma cholesterol, and triglycerides are frequently elevated (18) . Even in wellregulated patients without micro-and macrovascular complications, lipoprotein composition abnormalities are often present (19) (20) . However, the strongest predictor of cardiovascular mortality in people with type 1 diabetes is diabetic nephropathy (21). With the development of diabetic nephropathy the cardiovascular risk increases markedly, and nephropathy is associated with increased concentrations of cholesterol and low levels of HDL (22). Clinical intervention studies are needed to investigate the effects of lipid therapy on cardiovascular mortality in patients with type 1 diabetes.
What is the role of hypertension?
The effect of hypertension and the reninangiotensin system on cardiovascular disease in people with type 1 and type 2 diabetes was recently studied in the large Heart Outcomes Prevention Evaluation (HOPE) trial. The results from this study show that ramipril, an angiotensin-converting-enzyme (ACE) inhibitor, caused a significant reduction in death from cardiovascular disease in people with diabetes. However, the benefit was not greater in people with diabetes than in people with other risk factors, and did not appear to be due to reduction of blood pressure (23). As with hyperlipidemia, hypertension appears to contribute a similar extent to cardiovascular disease in people with diabetes as in people without diabetes (13, 16) . Thus, the renin-angiotensin system and hypertension contribute significantly to cardiovascular events both in people with and without type 1 and type 2 diabetes.
HOW DOES DIABETES AFFECT LESION FORMATION AND PROGRESSION?
4.1. Theories of lesion formation and progression 4.1.
Lesion initiation
It is generally believed that infiltration of monocytes into the subendothelial space and subsequent accumulation of lipid-loaded macrophages initiate formation of lesions of atherosclerosis. In young humans, accumulation of lipid-loaded macrophages is often seen in areas with intimal thickening, called intimal cell masses, that form in the subendothelial space in locations likely to lead to frank atherosclerosis in the adult (2, 24) . This suggests that products of these smooth muscle cells may be critical to lesion localization (25). In many small animal models, on the other hand, infiltration of monocytes and subsequent activation and differentiation of these cells into lipid-loaded macrophages is often seen in areas without preexisting intimal thickening. Since these macrophage foam cell masses, i.e. xanthomas, occur at sites in young humans that do not show lesions in adults, it has been suggested that the xanthomatous lesions regress unless a fibrous cap of smooth muscle is formed or exists to encapsulate the fatty mass (2).
Over the last decade, a consensus has developed that the early formation of a fatty lesion and its progression to an encapsulated lesion is the result of an inflammatory process (26-27). There is evidence, moreover, that the lesion contains oxidized LDL as an inflammatory stimulus. This view is supported by the observation of antibodies to oxidized epitopes in the blood of mice with apolipoprotein E (apoE)-/-atherosclerosis (28) and observation of T cells that recognize oxidized LDL epitopes in human lesions (29). T cells can enhance atherogenesis for example by secreting interferon-gamma, a cytokine that activates macrophages. It has been shown that the interferon-gamma producing subset of T cells (Th1 cells) is present in lesions of atherosclerosis (30). Recently a specific mutation, the deletion of 5-lipoxygenase, has been identified as blocking all these initial events, but the mechanism of action of 5-lipoxygenase in this process is as yet unknown (31).
Diabetes appears to enhance foam cell lesion formation in experimental animals and in humans. In animal models, type 1 diabetes induced by toxins, alloxan or streptozotocin, or by autoimmune-mediated beta cell destruction increases formation of fatty streak lesions (32-34). There is similar evidence from human postmortem studies that diabetes accelerates lesion initiation defined as the presence of fatty streaks.
The Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study investigated atherosclerosis in ~3000 youths, 15-34 years of age, who died of trauma. Although the number of subjects with diabetes was small, the study showed that youths over 25 years of age with elevated levels of glycated hemoglobin (> 8%), had significantly more fatty streaks in the right coronary artery than controls (35). The PDAY study also showed that youths 15-24 years of age with favorable lipid profiles and elevated levels of glycated hemoglobin had significantly more fatty streaks in the right coronary artery than youths without elevated glycated hemoglobin (36). A recent high-resolution ultrasound in vivo study of common carotid arteries of 11-year old children with type 1 diabetes showed that these children had an increased intima-media thickness compared to a matched control group (37). The increased intima-media thickness in children with type 1 diabetes did not appear to be due to conventional risk factors, such as blood pressure, total cholesterol, triglycerides, LDL or HDL levels (37). Together, these results indicate that diabetes, in the absence of conventional risk factors, accelerates lesion initiation in humans.
Lesion progression
Two steps characterize the conversion of the xanthomatous lesions to first, the classical lesion described by Virchow in 1855 (38) and then to advanced, clinically significant lesions. These steps are the massive death of macrophages to form a necrotic core and the encapsulation of the macrophage-rich mass by smooth muscle cells (SMCs) to form a fibrous cap. The temporal and causal relationship between these events is not known although studies using platelet-derived growth factor (PDGF) antagonists to block fibrous cap formation suggest, surprisingly, that the SMCs may enhance formation of the necrotic core (39-40). Very little is known about the processes underlying these changes. Speculation about the role of specific growth factors, including PDGF, in the formation of the fibrous cap is only partially supported by experiments in animal models (39-40). Similarly, there is speculation but not hard evidence that oxidized LDL plays a critical role in death of the plaque macrophage (41-42).
The consensus is that ultimately the lesion is destabilized by thinning of the SMC-rich fibrous cap, increased macrophage content and increased proteolytic activity within the lesion, leading to digestion of the connective tissue of the cap (2, (43) (44) (45) . How may inflammation directly contribute to plaque rupture? The consensus hypothesis is that pro-inflammatory mediators, such as interleukin-1beta (IL-1beta) and tumor necrosis factor-alpha (TNF-alpha) released from macrophages in the lesion can stimulate expression of matrix metalloproteinases (MMPs). Increased MMP levels would then promote degradation of collagens and weaken the strength of the fibrous cap (44, 46-47). So far, this hypothesis has not been directly tested in animals. The studies that have been done so far, either overexpressing MMP1 in macrophages in apoE-deficient mice (48), or knocking out the endogenous MMP inhibitor TIMP-1 (49), have not found signs of plaque rupture or thrombosis. However, these studies could not distinguish between effects of MMPs on lesion initiation and progression, because the transgene was present from birth. Other studies in mice have shown that inflammatory mediators, such as monocyte chemoattractant protein-1 (MCP-1) and CD40 lead to an increased macrophage content and decreased SMC and collagen content (50-54). Again, these A. An example of lesion with intra-plaque hemorrhage in brachiocephalic artery from a 42-week-old apoE-deficient mouse is shown. The section was stained with a modified Movat's pentachrome stain. The hemorrhage (thin arrows) appears to be associated with the lateral xanthoma, and a rupture or fissure occurred at the extreme lateral margin (thick arrow). X indicates xanthoma. L indicates lumen. Bar=100 microm. B. Hemorrhage in stenotic lesion in innominate artery of apoE-/-mouse. An almost totally occluded innominate artery from a 54-week-old apoE-/-mouse is shown. The lesion contains several areas of intraplaque hemorrhage (arrows). The source of the hemorrhage is not apparent but may have been a xanthomatous region, as indicated by the number of intact foam cells within the major area of hemorrhage visible in this section. Bar=100 microm. Published by permission of Lippincott, Williams & Wilkins, from Rosenfeld ME, Polinsky P, Virmani R, Kauser K, Rubanyi G, Schwartz SM. Advanced atherosclerotic lesions in the innominate artery of the ApoE knockout mouse (55).
changes occur in macrophage rich lesions that do not rupture so the causal connection with lesions that do rupture remains to be proven.
An alternative hypothesis has arisen recently because of evidence in apoE -/-mice that lesions spontaneously rupture by death of macrophages located at the shoulder regions of carotid plaques (55).
Destabilization of the lesion is believed to cause rupture or fissuring of the shoulder regions, and subsequent thrombus formation. Again, in the mouse, animals fed a very lipid rich diet can die spontaneously due to occlusive thrombosis overlying ruptured carotid lesions (56). Whether such macrophage-rich lateral lesions exist in humans is not known.
The emphasis on plaque rupture as a final event is compromised by clear evidence that occlusion can occur without rupture, especially in younger patients. Virmani and colleagues have shown that thrombotic occlusion of a coronary artery can occur without evidence of rupture or even the presence of a necrotic core. This poorly understood process seems to be associated with loss of the endothelium and has, therefore, been termed erosion (43).
Just as the processes leading to plaque rupture and thrombotic occlusion may be partly distinct, there is ample evidence that the processes causing lesion initiation and lesion progression are distinct. For example, vitamin C-deficiency does not influence the initiation of lesions but induces plaques that appear vulnerable to rupture (57). The PDGF beta receptor and CD40 ligand are more important in lesion progression than in initiation (40, 50). Blockade of the colony stimulating factor (CSF) receptor c-fms, on the other hand, has been shown to inhibit lesion initiation without affecting the size of advanced lesions (58). Similarly, estrogen has recently been shown to inhibit lesion initiation but to have no effect on intra-plaque hemorrhage and progression of established lesions in apoEdeficient mice (59). Thus, lesion initiation and progression are separable events.
To date, there is no evidence that diabetes directly affects lesion progression. That is, the increased cardiovascular mortality associated with diabetes may be due solely to an accelerated lesion initiation, or to stimulatory effects of diabetes on both lesion initiation and progression.
Non-diabetic animal models of plaque rupture and occlusion
Detailed studies of the mechanisms leading to plaque rupture and occlusion are not possible without relevant animal models. Most animal models used to date, e.g. quails, rabbits, hamsters, pigs, and non-human primates, develop fatty streak lesions and atheromas, but plaque rupture and occlusion are rare or absent. Recently, studies on the mechanisms leading to plaque rupture have become much more feasible due to the characterization of mouse models that exhibit features of plaque rupture (60-61). In both apoE-deficient and LDL receptor (LDLR)-deficient mice, the brachiocephalic artery can form unstable lesions in old mice (55-56, 62-64), as shown in figure 1. The brachiocephalic artery (innominate artery) is the first branch from the aortic arch, bifurcating to form the right common carotid artery and the right subclavian artery. The unstable lesions formed at this site are characterized by fibrous cap thinning, intra-plaque hemorrhage and disruption of the fibrous cap as a result of macrophage death. Intra-plaque hemorrhage can only occur during life, and therefore intra-plaque hemorrhage is a strong indication that the lesion has ruptured in the live animal.
Intramural thrombus formation is usually extremely rare in mouse models. In a recent study, ~3 % of apoE-deficient or LDLR-deficient mice fed a cholesterolrich diet for up to 12 months developed aortic thrombi (62). In another study, apoE-deficient mice on a C57BL6/129SvJ background were fed a cholesterol-rich diet for up to 14 months (64). Of the 98 mice studied, 52% had ruptured plaques in the brachiocephalic artery, and 73% of mice with ruptured plaques showed signs of luminal thrombosis (64). Some animals also showed myocardial infarctions (64). Unfortunately, there appear to be marked strain differences in the susceptibility of mice to plaque rupture. In the study by Williams et al. (64), apoE-deficient mice on a 50% C57BL6, 50% 129SvJ background demonstrated extensive plaque rupture, thrombus formation and sudden death, whereas thrombus formation and sudden death are not observed in apoE-deficient mice on a nearly pure (10 generation back-cross) C57BL6 background. The difference may be explained, in part, by the fact that 129Sv mice absorb dietary cholesterol more efficiently than C57BL6 mice do (65). Finally, rupture-associated thrombosis has also been seen in a few apoE-knockout mice in which a silastic collar was placed around to carotid artery to induce plaques, the p53 tumor suppressor was overexpressed by means of an adenoviral vector and the mice were made hypertensive with phenylephrine (66). Together, these results show that plaque rupture, defined as intra-plaque hemorrhage and ruptures of the plaque, is common in old apoE-deficient or LDLR-deficient mice but that intraluminal thrombosis is much more rare. Thus, these models should be useful in the study of the mechanisms leading to plaque rupture, but are less useful for studies of events leading to arterial occlusion caused by thrombosis.
WHAT CELLULAR EVENTS ARE LIKELY TO BE INVOLVED IN PLAQUE RUPTURE AND EROSION AND HOW DOES DIABETES AFFECT THESE EVENTS?

Inflammation
Inflammation plays a key role in initiation of atherosclerosis, and most likely also in the processes leading to plaque rupture and arterial occlusion (26). In large clinical studies, increased plasma levels of C-reactive protein (CRP) have been shown to serve as a strong marker for risk of coronary events (67). CRP is an acute phase reactant produced by the liver in response to inflammatory cytokines. Although there is no evidence that CRP itself has a direct role in the pathogenesis of plaque rupture, these findings show a strong correlation between inflammation and final cardiovascular events.
Diabetes most likely results in increased inflammation in advanced plaques. For example, it has been shown that atherectomy specimens from diabetic patients undergoing coronary atherectomy for symptomatic coronary artery disease have a larger content of macrophages than specimens from patients without diabetes (68). One theory is that increased levels of modified LDL could explain increased inflammatory and immune reactions in diabetes. Glycation of LDL under hyperglycemic conditions is likely to result in increased formation of oxidized LDL (69) . Both oxidized LDL and glycated LDL also induce formation of immune complexes, which, at least in vitro, exert pro-inflammatory effects by stimulating cytokine release from macrophages (70) . Other studies show that blockade of the receptor for advanced glycation endproducts (RAGE) results in decreased inflammation in pre-formed lesions in streptozotocindiabetic apoE-deficient mice (71) . Because RAGE binds to a number of interesting ligands, in addition to advanced glycation endproducts (AGEs), it is not known if the effects of RAGE blockade in this study were due to AGEs. In fact, RAGE blockade reduced atherosclerotic lesion size (71) and intimal thickening after arterial injury (72) in nondiabetic mice, suggesting that the role for RAGE ligands is not dependent on the diabetic state.
Perhaps the most commonly believed theory is that diabetes results in increased expression of molecules that promote monocyte adherence to the endothelium and subsequent migration into the subendothelial space. This theory is supported by ample animal and in vitro studies, and some human studies. Thus, vascular cell adhesion molecule-1 (VCAM-1) expression is stimulated by high glucose levels and AGEs in endothelial cells in culture (73) (74) , in animals (74-75) and in patients with diabetes (76) . Furthermore, lesions in human coronary arteries from patients with diabetes have been shown to exhibit increased levels of immunoreactive fractalkine, a chemokine that mediates firm adhesion of leukocytes, compared to lesions from non-diabetic patients (77) . Taken together, these studies show that diabetes may increase inflammation in advanced lesions of atherosclerosis and it is reasonable to posit that such changes would accelerate plaque rupture.
Increased proteolytic activity within the lesion 5.2.1. Matrix metalloproteinases
Another hypothesis is that plaque rupture may be caused by an increased proteolytic activity within the lesion that would promote extracellular matrix degradation and thereby weakening of the fibrous cap (26, 78). The enzymes believed to be involved in this process are the A few studies have investigated MMP levels and activities in the diabetic setting. Serum levels of MMP-2, MMP-8 and MMP-9 are increased in patients with type 2 diabetes (80) and MMP-9 levels and activity are increased in aortas from streptozotocin-diabetic rats compared to controls (81) . On the other hand, MMP-1, MMP-2 and MMP-9 levels, as well as MMP activity, have been found to be decreased in internal mammary artery specimens from patients with diabetes (82) . Since this artery is usually protected from atherosclerosis, these findings do not necessarily mean that levels of MMPs are decreased in advanced plaques from diabetic patients. This is an area that requires further studies.
Cathepsins
It has been speculated that another group of proteases, the cathepsins, may be involved in causing plaque rupture. The cathepsins are cysteine proteinases that degrade elastin and fibrillar collagen. Cathepsins K, L and S all have potent elastolytic activity. Cathepsin S is the most potent elastase known (83), whereas cathepsin K cleaves collagen I and III (84) . The cathepsins were originally thought to function only in acidic lysosomes, but recent research shows that they can be released by macrophages (85) . Macrophages in human lesions contain abundant immunoreactive cathepsin K and S (86), and atherosclerotic lesions from apoE-deficient mice express cathepsins B, D, L and S (87). Cathepsin B has even been suggested as a biomarker of vulnerable plaques (88) . Expression levels of cathepsins C and D are up-regulated in aneurysms (89) , which also contain lower levels of the endogenous cysteine protease inhibitor cystatin C (90). Furthermore, human SMCs in culture can be stimulated to secrete active cathepsin S by IL-1beta or interferon-gamma (86) . Together, these findings suggest that the cathepsins may be involved in causing plaque rupture or aneurysms. So far, the presence of cathepsins and cystatin C in lesions from patients with diabetes has not been studied.
Cell death/apoptosis
The third major hypothesis on the cellular events causing plaque rupture states that increased cell death, by necrosis and/or apoptosis, is responsible for rupture. Traditionally, cell death by apoptosis and necrosis have been considered two separate events with very different outcomes. Whereas apoptotic cell death has been believed to be "silent", without release of cellular components to the extracellular space, necrotic cell death has been characterized by a loss of cell membrane integrity and leakage of lysosomal enzymes associated with inflammation. However, recent studies have shown that there is a great deal of overlap in the morphological and biochemical events in cells undergoing apoptosis and necrosis. For example, the dogma that apoptotic cell death is "silent" has recently been challenged by studies that clearly show a release of cytokines and induction of an inflammatory response in the arterial wall following apoptosis induced by overexpression of Fas-associating death domain protein (FADD), one of the signaling molecules in the apoptotic pathway (91) . For these reasons, the boundary between apoptosis and necrosis is not well defined. In this review, we will therefore refer to cell death rather than to classify the type of death as apoptotic or necrotic.
Macrophage death
As already discussed, a critical feature of the change from the macrophage foam cell lesion, more properly called a xanthoma, to a true atheroma is the formation of a necrotic core (2) . Formation of a necrotic core is due to macrophage death. The mechanisms underlying this death have only recently begun to be studied. One of the factors that cause macrophage death is free cholesterol (41).
Acyl coenzyme A:cholesterol acyltransferase (ACAT) catalyzes the formation of cholesterol esters from free cholesterol. Accordingly, LDLR-deficient mice that received macrophages deficient in ACAT had lesions characterized by increased levels of free cholesterol and increased macrophage death as compared to mice that received wild type macrophages (92) . No evidence of plaque rupture was observed in these mice, perhaps because only an early time point (12 weeks on a fat-enriched diet) was studied.
A very different hypothesis has emerged from the study of differences of the effects of oxidized LDL on normal murine macrophages versus macrophages from mice lacking a functional Fas receptor. The normal cells die massively after exposure to oxidized LDL (30 microg/ml), with nearly 100% death by 4 days (93) . In contrast, the dysfunctional Fas cells show little or no death under this circumstance. Moreover the wild type cells but not the Fas-defective cells show spontaneous activation of caspases even before exposure to oxidized LDL. These data are reminiscent of the massive macrophage death seen in atherosclerotic cores and suggest that the process may be inhibited by an absence of Fas. A recent preliminary study has directly addressed the role of increased macrophage death in atherogenesis. In this study, LDLR-deficient mice received macrophages from Fas-deficient lpr mice and where then fed an atherogenic diet for 16 weeks (94) . Although the extent of atherosclerosis was similar in the two groups of mice, the Fas-deficient bone marrow transplant resulted in less TUNEL staining in the lesions (indicative of less apoptosis), a larger lipid core and a thinner fibrous cap (94) . These studies do not, however, address the role of macrophage death in plaque rupture because the Fas-deficient macrophages were introduced prior to fat feeding. It would be very interesting to investigate if plaque rupture could be prevented by introducing the Fas-deficient macrophages at a time when advanced lesions are formed.
Smooth muscle cell death
Since a thin fibrous cap and low number of SMCs versus macrophages are often seen in ruptured lesions, it has been proposed that loss of SMCs in the cap of fibroatheromas may contribute to plaque rupture. SMC death may lead to plaque instability because most of the interstitial collagen fibers, which are important for the strength of the fibrous cap, are produced by SMCs (95) (96) . This hypothesis is based, so far, on correlative studies. Several studies have shown an increased SMC apoptosis, measured as TUNEL-positive cells, in advanced lesions (95, (97) (98) . Conversely, it has been shown that treatments that prevent, or lead to regression of cardiovascular disease, cause an increased SMC content, a decreased macrophage content (99) (100) , and an increased collagen content (101) in lesions. Interestingly, it has been demonstrated that the SMCs derived from atherosclerotic plaques are more sensitive to inducers of apoptosis than SMCs derived from normal vessels (102) (103) . This may be due to differential expression of pro-and anti-apoptotic molecules in SMCs derived from plaques versus SMCs derived from the media. Despite the correlation between loss of SMCs in the fibrous cap and plaque rupture, direct evidence that SMC death indeed causes plaque rupture is still missing.
The effects of diabetes on SMC apoptosis are unclear. It has been shown that streptozotocin-diabetic rats without atherosclerosis have an increased number of TUNEL-positive aortic SMCs compared to non-diabetic rats (104) , but that hyperglycemia protects against medial SMC death in mice (105) . In cultured SMCs, elevated levels of glucose have been found to either stimulate death (106), or prevent cell death (105, (107) (108) . It is not known if diabetes affects SMC death in advanced lesions of atherosclerosis.
DIABETIC ANIMAL MODELS OF PLAQUE RUPTURE
If the number of models available to study plaque rupture in non-diabetic animals is small, even fewer models are currently available to study plaque rupture in the diabetic setting. However, in a recently developed porcine model, steptozotocin-induced diabetes in combination with fat feeding was found to cause advanced lesions in male Yorkshire swine whereas lesions in non-diabetic fat-fed swine were not as advanced (109) . In the right and left coronary arteries, these advanced lesions had signs of necrosis, calcification and intraplaque hemorrhage. In the pig, intra-plaque hemorrhage may be due to plaque rupture or possibly to the presence of intraplaque vessels (mice lack intra-plaque vessels; Schwartz et al. unpublished observation). Therefore, it is possible that the intra-plaque hemorrhage seen in this pig model represents plaque rupture, but the contribution of intra-plaque vessels has not yet been ruled out. The formation of advanced plaques occurred concomitantly with hyperglycemia (approximately 6 mM in non-diabetic animals and 18 mM in diabetic animals) and elevated levels of triglycerides (approximately 0.25 mM in non-diabetic animals and 0.65 mM in diabetic animals). These observations indicate that diabetes may accelerate plaque rupture by increasing blood glucose levels, by increasing triglyceride levels, or by other unidentified factors.
We have recently developed a new mouse model of diabetes-accelerated atherosclerosis (33).
LDLRdeficient mice were crossed with a transgenic mouse model of autoimmune type 1 diabetes (both on a C57BL6 background) used previously to study the mechanisms involved in beta cell loss, the RIP-LCMV-GP+ mouse (110) . In this transgenic mouse, the glycoprotein (GP) of the lymphocytic choriomeningitis virus (LCMV) is expressed under control of the rat insulin promoter (RIP) on pancreatic beta cells. The GP is seen by the immune system as an auto-antigen, and its presence does not cause insulitis or diabetes (110) . Instead, the significance of the expressed GP is that when the mouse is infected with LCMV, it develops an autoimmune attack on the beta cells very similar to the process involved in induction of type 1 diabetes in humans (111) . In diabetic RIP-LCMV-GP;LDLR-/-mice fed a cholesterol-rich diet for 12 weeks, intra-plaque hemorrhage appeared frequent in the brachiocephalic artery, whereas intra-plaque hemorrhage was rare in non-diabetic controls (Bornfeldt et al., unpublished preliminary results). It is important to point out that neither the diabetic swine model (109) nor the RIP-LCMV-GP;LDLR-/-diabetic mouse model (33) show signs of luminal thrombosis at the time-points studied. It is possible that extended time points would reveal such events, but the urgent need to develop animal models of diabetes-associated arterial occlusion remains.
FACTORS AFFECTING THROMBUS FORMATION IN THE DIABETIC STATE
Although our focus so far has been on the advanced lesion, it is equally important to consider the role of systemic factors in increasing the probability of cardiovascular death. Alterations in systemic factors could cause increased cardiovascular death even if there were no differences in the extent of advanced lesions.
Increased thrombogenicity
A large body of evidence indicates that diabetes is associated with a pro-thrombotic state, which is likely to promote arterial occlusion initiated by plaque rupture or erosion. It is possible that this increased thrombogenicity can explain the increased cardiovascular mortality in patients with diabetes. Thus, diabetes is associated with increased platelet aggregation (112) (113) (114) (115) (116) (117) (118) (119) , plasma fibrinogen levels (118, 120) , and pro-coagulant factor VIII (112, 118, 121-122).
Decreased fibrinolysis
Diabetes and insulin resistance also appear to cause decreased endogenous fibrinolysis (118, 120, (122) (123) . One mechanism may be through an upregulation of plasminogen activator inhibitor-1, PAI-1 (123) (124) (125) . Interestingly, a recent study reported spontaneous coronary arterial thrombosis in transgenic mice expressing a stable form of human PAI-1 (126) . Because these mice were not apoE-deficient or LDLR-deficient, they have no atherosclerotic lesions, and are therefore not a model of plaque rupture. No animal models are currently available to study the mechanisms leading to thrombosis in diabetes, and such models are urgently needed.
CONCLUSIONS AND PERSPECTIVE
Understanding the mechanisms that cause plaque rupture and arterial occlusion in diabetes is clearly very important, both clinically and scientifically. The recent characterization of murine models that show features of plaque rupture greatly increases the feasibility of studies of the cellular and molecular events involved in plaque rupture in both diabetic and non-diabetic animals. Similarly, although it is beyond the scope of this review, the development of MRI methods that can visualize the fibrous cap and evaluate extents of lesion instability in human vessels without invasion (127) (128) (129) (130) , open the possibility that we may be able to learn a lot more about the effects of the diabetic syndrome on lesions in humans.
Several important questions need to be addressed. First, it is not known if diabetes accelerates only initiation of lesions of atherosclerosis or if factors associated with diabetes directly stimulate the processes involved in plaque rupture and occlusion, nor are these factors known. Secondly, in will be critical to determine if hyperglycemia and/or dyslipidemia associated with type 1 and type 2 diabetes cause plaque rupture. Thirdly, with the generation of several very interesting knockout mouse models, it is now feasible to start asking questions about the role of specific molecules, such as proteinases or Fas, in plaque rupture in diabetes. The next few years are likely to see significant increase in our knowledge about the mechanisms leading to plaque rupture and arterial occlusion in diabetes.
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